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Health Informatics Journal 17 (1) The HIV/AIDS epidemic in the past 25 years has had a dramatic impact on the epidemiology of tuberculosis (TB), especially in populations where both infections are prevalent. [1] [2] [3] [4] The World Health Organization estimates that one-third of the world's population is infected with TB, and approximately 10 million people are coinfected with TB and HIV. 5, 6 In the United States, the Centers for Disease Control and Prevention (CDC) estimated that 14 per cent of TB cases reported in 2004 among people aged 25 to 44 were coinfected with HIV. 7 HIV infection is the most potent risk factor for the progression of TB infection to TB disease. 1, 8, 9 Before the availability of highly active antiretroviral therapy, people dually infected with HIV and TB had more than 100 times increased risk of developing active TB disease and becoming infectious compared with people who were only infected with TB. 8, 10 In addition, people living with HIV/AIDS are at greater risk for developing multi-drug-resistant TB, which is extremely difficult to treat and can be fatal. [11] [12] [13] [14] [15] To monitor the impact of HIV infection on the epidemiology of TB in a region, AIDS and TB registry data linkage had been widely used by state health departments in the United States. [16] [17] [18] [19] [20] [21] [22] However, all studies used a deterministic method without reporting its sensitivity and positive predictive value (PPV). A deterministic method uses a combination of algorithms and rules to look for exact agreement on one or more matching variables between data files with the capability to catch some common errors such as typos, phonetic variations, and transpositions. 23, 24 A probabilistic method, by contrast, calculates the probability that a comparison pair is a true match based on a group of matching variables with the capability to catch more complex typographical errors and error patterns. [24] [25] [26] [27] [28] [29] In order to reduce the bias caused by misclassification, a very high degree of accuracy is needed in the AIDS and TB registry data linkage. The purpose of this study was to evaluate the sensitivity and PPV of an AIDS/TB registry data linkage procedure using a combination of probabilistic and deterministic methods.
Methods

Datasets
The California Department of Public Health, Center for Infectious Diseases, Office of AIDS maintains the AIDS registry for all reported AIDS cases, and the TB Control Branch maintains the TB registry for all reported TB cases in California. The AIDS and TB registry data contain both demographic and clinical information. All cases in the AIDS registry were assigned an HIV/AIDS Reporting System (HARS) number, and all cases in the TB registry were assigned a Report of Verified Case of Tuberculosis (RVCT) number. Some AIDS cases with a verified TB diagnosis may have their RVCT number entered in the AIDS registry, and some TB cases with a verified AIDS diagnosis may also have their HARS number documented in the TB registry. These are AIDS/TB cases, whose statuses are known. Therefore, we can identify some AIDS/TB cases without performing any data linkage.
Both the California AIDS and TB registry data were de-duplicated before data linkage. A patient with multiple episodes of TB in different years was considered multiple cases, not a duplicate. AIDS cases diagnosed between 1981 and 2006, and TB cases diagnosed between 1996 and 2006, were included in the study. AIDS cases that had a confirmed date of death earlier than 1 January 1996, were removed before data linkage to reduce the computer time and false matches.
Before the data linkage, three categorical matching variables were recoded. Sex was recoded with two categories, male and female; race/ethnicity was recoded with six categories, Hispanic, Non-Hispanic White, Non-Hispanic Black, Asian/Native Hawaiian/Pacific Islander, American Indian/Alaskan Native, and other; and origin was recoded with two categories, US born and foreign born. The date of birth variable was coded in an mm/dd/yyyy format.
Computerized data linkage
LinkPlus 2.10, a probabilistic record linkage program developed by CDC for cancer registry database linkage and de-duplication, was used for the California AIDS and TB Registry Data Linkage Study.
30 Table 1 shows a list of variables used for blocking, matching, and manual review. A blocking variable is a variable common to the AIDS and TB registry data files that are used to 'block' (or partition) the two files. LinkPlus provides a simple blocking ('OR blocking') mechanism by indexing the variables for blocking and comparing the pairs with the identical values on at least one of those variables. Blocking is a way to reduce the computing cost by portioning files into mutually exclusive and exhaustive blocks and performing comparisons only on records within each block. Blocking also reduces manual review time because of fewer false positive links. In this study, first name, last name, and year of birth were selected to be the blocking variables, and Soundex code was used for the first name and last name.
In LinkPlus version 2, a record in the first comparison file, file 1, can match multiple records in the second, file 2, but not vice versa (i.e., only one-to-many linkages are supported, not many-to-many linkages). As an AIDS patient can have multiple episodes of TB, we specified the AIDS registry data as file 1, and the TB registry data as file 2.
LinkPlus has an option to choose either a direct or an indirect method to compute the m-probability, which is the probability of agreement for a given matching variable. Because many patients in the TB registry were born outside the United States and their names were not common in the US Census or AIDS registry data, an indirect method was chosen to compute the m-probability in the 
AIDS, acquired immunodeficiency syndrome; TB, tuberculosis; HARS, HIV/AIDS reporting system; RVCT, report of verified case of tuberculosis.
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Health Informatics Journal 17 (1) study to be more reflective of the true probability. Thus, the m-probability was computed by capturing and utilizing the information dynamically from the actual data being linked. When a data linkage is run, LinkPlus generates a score for all comparisons of a case in file 1 (the AIDS registry file) with a case in file 2 (the TB registry file). The score is the sum of the agreement and disagreement weights for each matching variable. 27 If a comparison has a score equal to or higher than the specified cutoff value, the AIDS and TB case records will be written to the linkage report as a potential link, which requires manual review to assign a match status of match or nonmatch. We set a cutoff value of 10.0.
Record linkage was used even before computers became widely available, but record linkage terms were not defined the same way. 24, 27, 31 In this study, we defined a comparison pair as any possible comparison of a record in the AIDS registry dataset with a record in the TB registry dataset; a potential link as a comparison pair with a score of the cutoff value or higher generated by the probabilistic record linkage software, LinkPlus; a match as a potential link that is accepted to be the same individual after manual review; and a non-match as a potential link that is not accepted to be the same individual after manual review.
Manual review
Two reviewers independently reviewed all potential links with a score of 10.0 or higher to decide whether the link was a match or a non-match. A third reviewer was called in to resolve all the discrepancies through discussion with the two reviewers.
A link was considered a match if it met any of the following criteria: (1) a perfect match on all six matching variables; (2) not a perfect match but identical RVCT numbers; (3) not a perfect match but identical HARS numbers; and (4) not a perfect match but identical residence addresses (street number, city, and zip code). If a link did not meet any of the above criteria, two reviewers made a personal judgment based on the score and other information, such as: (1) an obvious typo in the matching variables, (2) transposed first and last name, (3) transposed first and middle name, (4) variants of first name, (5) the same middle names in the two data files, (6) hyphenated last name, (7) transposed birth month and day, (8) documentation of TB diagnosis in the AIDS registry, and (9) closeness of the dates of AIDS and TB diagnoses.
Sensitivity
It is difficult to evaluate sensitivity for this study because we do not know of all AIDS/TB cases in the registries, only a proportion. We know that AIDS cases in the AIDS registry with a valid 1996-2006 RVCT number, and TB cases in the TB registry with a valid HARS number, are AIDS/TB cases, but we also know that many AIDS/TB cases did not have such information documented in the registries. In order to evaluate the sensitivity, we had to use the matching results from the AIDS/TB cases whose statuses are known to estimate how many true AIDS/TB cases can be captured by this linkage method.
First, we identified all cases with a known AIDS/TB status, and compiled a list of such cases after de-duplication. Then, we compared the list with the matching results to see how many such cases were captured and separated them into three categories: perfect match, good match, and partial match. We also identified how many such cases were missed and put them into the fourth category: non-match. A perfect match is a link that matches on all matching variables; a good match is a link that matches the majority of matching variables, and has obvious typos, transpositions, and/or missing values in other variables that did not match; a partial match is a link that matches a few matching variables, but has identical HARS or RVCT numbers. Different from a partial match, which requires identical HARS or RVCT numbers in two files to be accepted as a match, a perfect match and a good match can be accepted as a match solely based on matching variable information. A non-match means an AIDS/TB case did not find a match in the other registry because of the limitations of the data linkage software, or reporting errors.
Using the information from cases with a known AIDS/TB status, we present the matching results of all AIDS/TB cases in Table 2 , assuming that we had a known number m and an unknown number n of AIDS/TB cases in the two registries, and the quality of data entry for known AIDS/TB cases was the same as for unknown AIDS/TB cases in terms of data entry errors and missing values. Of those perfect and good matches, all AIDS/TB cases (m1 + n1) were captured regardless of their HARS or RVCT number information. Of those partial matches, only AIDS/TB cases (m2) with a known status (RVCT numbers recorded in the AIDS registry, and/or HARS numbers documented in the TB registry) were captured because of the requirement of identical HARS or RVCT numbers to be accepted as a match, and AIDS/TB cases (n2) without HARS and RVCT information were missed. Of those non-matches, all of them (m3 + n3) were missed. Thus, in total, we are able to capture m1 + m2 + n1 out of m + n AIDS/TB cases.
Equation 1 was then used to compute the sensitivity. If m is much greater than n (m >> n), the sensitivity closes to (m1 + m2)/m; if m is much smaller than n (m << n), the sensitivity closes to m1/m. As the size of n was unknown, we reported the sensitivity in a range format between m1/m and (m1 + m2)/m.
PPV
As the number of matches was so large and patients were diagnosed over an 11-year span, it was not feasible to review all patient records to confirm their HIV and TB infection status. Thus, only matches with a TB diagnosis in 2006 were sent to local health jurisdictions (LHJs) for confirmation to assess PPV by checking patients' medical records, registry records, or both. LHJs reported their confirmation results as a true match, a false match, or indeterminate. Table 3 . LinkPlus identified 9408 potential links with a score of 10.0 or higher. After manual review, 2236 of them were accepted as matches (i.e. AIDS/ TB cases). As expected, the higher the score a potential link had, the more likely it was accepted as a match. Links with a score between 25.0 and 33.5 were all accepted as matches, but only 1.2 per cent of links with a score between 10.0 and 14.9 were accepted as matches. One link with a score as low as 10.0 was accepted as a match based on identical RVCT numbers and residence addresses.
In the AIDS and TB registries, we identified a total of 1692 cases with a known AIDS/TB status: AIDS cases in the AIDS registry with a valid 1996-2006 RVCT number, and TB cases in the TB registry with a valid HARS number. Twenty-one of these AIDS/TB cases were missed after the matching process (software run and manual review), and 12 more were missed after repeating the matching process while withholding their HARS and RVCT number information. Based on these two numbers, the values of m1, m2, m3, and m were computed as 1659, 12, 21, and 1692, respectively. Using equation 1, we obtained the sensitivity of our method in a range format from 98.0 per cent (95% confidence interval, CI: 97.3%, 98.7%) to 98.8 per cent (95% CI: 98.1%, 99.2%).
LinkPlus version 2 allows one-to-many matching, but not many-to-many matching. A few matches can be missed because of this restriction, when two or more records in one registry are similar to each other but not duplicates. To reduce the number of missed matches, one of the options is to switch file 1 and file 2 and repeat the matching process. By doing this, nine more matches were captured, and the sensitivity was increased to 98.6-99.3 per cent.
A total of 129 matches with a TB diagnosis in 2006 were identified, and sent to LHJs for confirmation by checking patients' medical records, registry records, or both. One hundred and fourteen matches were returned with 113 true matches, one indeterminate, and no false matches. The match with an indeterminate status was because the AIDS and TB diagnoses were made in and reported by two different counties in California and there were some difficulties in confirming AIDS/TB cases across counties, despite the fact that the pair had identical information in matching variables (first name, last name, race/ethnicity, gender, origin, and date of birth) in the two registries. Treating this match and other non-returned matches as missing values, we estimated the PPV of our method to be 100 per cent (95% CI: 96.8%, 100.0%).
Discussion
Knowing the TB status of HIV-infected individuals and the HIV status of TB patients is essential not only to patients' HIV and TB care, but also to public health interventions seeking to reduce the comorbidity of HIV/TB. Because of the under-reporting of TB status in the HIV/AIDS registry and of HIV status in the TB registry, neither registry provides accurate surveillance data of HIV/TB coinfections: one-third of TB patients reported to the United States National TB Surveillance System in 2005 contained no information about HIV status, 32 and one-fifth of AIDS/TB comorbidity cases reported to the Florida AIDS registry in 1981-1993 had no documentation of TB. 19 Thus, linking the AIDS and TB registry data becomes a very important tool to identify AIDS/TB cases, and has been widely used by the state health departments in the United States since the mid 1980s. [16] [17] [18] [19] [20] [21] [22] Previously, a deterministic method was used in all AIDS and TB registry data linkage studies using a combination of algorithms and rules to look for exact agreement on one or more matching variables between data files with the capability to catch some common errors such as typos, phonetic variations, and transpositions. [16] [17] [18] [19] [20] [21] [22] [23] [24] However, none of these studies reported the sensitivity and PPV of the methods applied.
In our study, a combination of probabilistic method and deterministic method (manual review) was used to match the California AIDS and TB registry data by calculating the probability of a comparison pair as a potential link based on a group of matching variables with the capability to catch more complex typographical errors and error patterns, [24] [25] [26] [27] [28] [29] and manually reviewing all potential links to determine true or false matches. Using this method to match the California AIDS and TB registry data, we obtained a very high degree of accuracy with a sensitivity of 98.6-99.3 per cent and a PPV of 100 per cent. However, in LinkPlus, m-probabilities are generated based on the data being linked. It is important to note that the linkage scores and calculations of sensitivity and PPV in the current study are specific to this particular linkage and datasets, and may not be extrapolated to all linkages performed with LinkPlus.
In addition to the sensitivity and PPV, there are a few important issues that must be considered in an AIDS and TB registry data linkage study: (1) completeness of the AIDS and TB registry data; (2) validity of the AIDS and TB registry data; and (3) delay in AIDS diagnosis.
Incompleteness of the AIDS and TB registry data would seriously alter final results. For example, if both AIDS and TB registry data were only 50 per cent complete, even a highly sensitive method would have only captured 25 per cent (50% × 50% = 25%) of AIDS/TB cases. Therefore, before performing any registry data linkage, it is very important to evaluate the completeness of the datasets. In our study, both California AIDS and TB registry data had been previously examined and were found to be very complete. [33] [34] [35] The quality of registry data linkage depends on the quality of the data collection (i.e. the validity of the AIDS and TB surveillance data). Missed matches are mostly caused by poor data collection and data entry (e.g. missing values and typos). Studies have demonstrated the high validity of the California AIDS and TB surveillance data. 34, 36 Delay in AIDS diagnosis may also affect the linkage results. For example, if a patient was diagnosed with TB and reported to the TB registry in 2000 and his HIV-positive status was later found out and reported to the AIDS registry in 2002, we would not be able to capture this AIDS/TB case by
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Health Informatics Journal 17 (1) matching the 1981-2000 AIDS registry data with the 2000 TB registry data. The registry data linkage then would miss some true AIDS/TB cases, and we would underestimate the AIDS/TB prevalence, especially in an area where HIV testing is not routinely taking place in TB programs. To reduce the number of AIDS/TB cases missed due to delay in AIDS diagnosis, in our study we performed one record linkage using 11-year TB registry data (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) to match the whole AIDS registry dataset (1981-2006) rather than performing 11 matches with one-year TB registry data for each.
By matching multi-year rather than one-year TB registry data with AIDS registry data, we should be aware of a possible scenario of true match but a false AIDS/TB case due to temporal sequence of the infections. When we identify a match with TB diagnosis earlier than AIDS diagnosis, we need to decide whether this is a true AIDS/TB case because of delay in AIDS diagnosis, or a false coinfection case because the patient acquired HIV shortly after his or her TB was cured. As we are unable to find out when the patient acquired HIV infection, we have to make a decision based on available information (dates of TB diagnosis and AIDS diagnosis) and the knowledge that the median time of progression from HIV infection to AIDS is 9-10 years in the absence of antiretroviral treatment. 37 In our study, all matches (n = 37) with a TB diagnosis earlier than an AIDS diagnosis were accepted as AIDS/TB cases.
LinkPlus is a probabilistic record linkage program developed by CDC for cancer registry database linkage and de-duplication. 30 Our study demonstrated that it could also be used for the AIDS and TB registry data linkage with extremely high accuracy. The software is easy to use, and provides a very important and useful feature: manual review. Without manual review, we could have included many false positives and false negatives in our final results depending on the cutoff value we set (Table 3 ). For the purpose of evaluation, we manually reviewed 9408 potential links with a linkage of 11-year TB data. Given the size of AIDS and TB registry data in California, it is feasible to perform manual review in the future when we match AIDS registry data with only one-year TB registry data.
LinkPlus does not allow many-to-many linkages, it allows one-to-many. A few matches can be missed because of this restriction. In our study, we increased our sensitivity from 98.0-98.8 per cent to 98.6-99.3 per cent by repeating the matching process (software run and manual review) after switching the order of file 1 and file 2, but the process was burdensome. The problem can be solved if the software were modified to include an option of one-to-many or many-to-many linkage, and to group all related links together for manual review. 38 LinkPlus version 3.0 will address this issue, and will allow users to specify a one-to-one or many-to-many linkage upon linkage configuration.
We acknowledge limitations to the generalizability of our findings. The study used existing software and applied it specifically to match AIDS and TB registry data, and the study findings may not be extrapolated to other linkages performed with the software, LinkPlus. Therefore, we suggest that future studies always evaluate their procedures when using LinkPlus to match other datasets.
In conclusion, our study demonstrated the feasibility of using this registry data linkage procedure to match the AIDS and TB registry data with a very high degree of accuracy, and we also provided a new tool that can be used in other studies to evaluate and report sensitivity in a range format when a common unique identifier (e.g. social security number) was entered in partial records of the files to be linked. coordinating the project. The authors would also like to thank Richard Selik, David Gu, and Kathleen Thoburn from the Centers for Disease Control and Prevention (CDC) for their comments and suggestions.
